In recent years, developments in tomography tools have provided unprecedented insight into the microstructure of electrodes for solid oxide fuel cells, enabling researchers to establish direct links between electrode microstructure and electrochemical performance. Here we present results of high resolution, synchrotron X-ray nano computed tomography experiments, which have enabled microstructural characterisation of a mixed ionic electronic conducting lanthanum strontium cobalt iron oxide (LSCF) cathode with sub-50nm resolution at operating temperature. Using the uniquely non-destructive nano-CT platform, it is possible to characterise microstructural evolution processes associated with heating and operation in-situ.
Solid Oxide Fuel Cells (SOFC) are high temperature electrochemical energy conversion devices. Electrodes supporting the redox reactions are typically complex porous materials: the nature of this porous microstructure will affect the operation of the cell, contributing to resistances associated with electrochemical, diffusion, and ohmic processes. In spite of this, electrode microstructures have been, historically, poorly understood, with design and optimisation primarily driven by empirical parametric testing. 1 The lack of understanding of SOFC microstructure has been compounded by microstructural evolution processes, which are known to occur during processing and operation -physically altering the electrode microstructures, affecting cell performance and causing performance degradation.
The In recent years, advances in tomography procedures have provided the SOFC research community with the tools to explore the relationship between electrode microstructure and performance with unprecedented detail. Numerous examples of 3D electrode characterisation utilising focused ion beam (FIB) and X-ray nano computed tomography (nano-CT) are extant in the literature (see Ref. 1 and references therein). In particular Gostovic et al. 3 have previously reported studies of LSCF cathode materials using destructive FIB tomography.
X-ray nano-CT provides a uniquely non-destructive solution, enabling direct quantification of microstructural change in absence of the statistical differences inherent in material microstructures that can be problematic using destructive FIB tomography.
In order to explore, in real time, the microstructural evolution processes that are known to occur in SOFCs, it is desirable to access temperatures and atmospheres associated with processing and operation in-situ of the X-ray microscope stage. This is not possible in FIB-SEM systems because of the requirement for high vacuum.
Here we present, for the first time known to the authors, the development and implementation of a high temperature environment in-situ of nano-CT X-ray microscope stage -providing a non-destructive tomography platform with sub-50nm spatial resolution for characterisation of SOFC electrodes at operating temperatures.
Experimental
Sample preparation.-An LSCF ink was manufactured from commercially available powder and ink vehicle (Nextech Materials, OH, USA) utilising a conventional triple roll milling technique. The resulting ink has been screen-printed in symmetrical cell configuration on to dense, iso-statically pressed CGO electrolytes (also Nextech Materials) and sintered at 900 C for 2 h. The resulting electrodes were tested without DC bias using electrochemical impedance spectroscopy (Probostat Electrochemical Analyser with Autolab FRA). The resulting impedance spectra, normalised to 1 cm 2 electrode area, with Ohmic contributions subtracted, are reproduced in Fig. 1 . The results show the typical Gerischer response of a mixed conducting cathode at low temperatures, with a second low frequency arc that is due to gas diffusion processes, which has a larger relative contribution at higher temperatures.
A sample geometry optimised for fixed field of view (FOV) nano-CT was prepared using a FIB technique, described by the authors elsewhere. 4 The technique utilises the micro-machining capability of focused ion beams to create small (< 15 lm), robust samples secured to a tungsten micro-needle using a Pt gas injection system common to most FIB systems.
5
Stage design and implementation.-Tomography experiments have been conducted using the Xradia Transmission X-ray Microscope (TXM) at beam-line 32-ID at the Advanced Photon Source, Argonne National Lab, IL, USA. The system uses X-ray optics to focus the beam before and after transmission, routinely achieving sub-50nm spatial resolution. This can be coupled with the variable X-ray energy to perform multiple energy scans and X-ray absorption spectroscopy (XAS). 6, 7 A schematic of the stage geometry can be found in Lao et al. 8 The precision rotation stage is situated between an order-sorting pin-hole (source side) and the focusing Fresnel zone plates (transmission side) -both components must be maintained close to ambient temperature to avoid damage.
In order to access operating temperatures representative of SOFCs, we have designed an infrared furnace for implementation in-situ of the TXM: a 250 W IR heater with elliptical reflector (Research Inc, MN, USA) provides a highly focused heat spot of ca. 5 mm spread and a variable AC power input is used to modulate the heater power.
Implementation of the heat lamp in the TXM stage without containment was found to rapidly increase the component temperatures above acceptable limits. Therefore a furnace chamber was designed with a water-cooled jacket (see Fig. 2 ) to provide sufficient heat transfer for long-term operation of the heat lamp. The furnace chamber has X-ray transparent windows to prevent attenuation of the beam, and an inlet gas stream can be used to study samples in various gas environments. Using a 120 V power supply at 2 A, a maximum temperature of 890
C was recorded, with temperature stability of 65 C over a period in excess of 12 h. Thermocouple placement within 700 lm of the sample has been confirmed by projection microscopy and ensures accurate temperature measurement at the sample. Temperature measurements close to critical components did not exceed ambient temperature for this period. Whilst the stainless steel sample holder did record temperatures in excess of 60 C over the course of long-term operation, this slight elevation in temperature can be tolerated.
Imaging.-The LSCF cathode sample, prepared by a FIB lift-out technique, was inserted into the furnace at ambient temperature. 361 transmission images were collected at 0.5 increments over a 180 rotation using 8.4 keV x-ray illumination and a pixel size corresponding to 15 nm. After completing the first tomography sequence, the sample was heated in-situ to 695 C at a rate of 50 C/min. On reaching set point temperature, the sample was allowed to equilibrate at temperature for a period of 2 h -during this time, the sample movement (due to thermal expansion of the supporting needle) was monitored by X-ray transmission radiography. Once sample movements had ceased, another tomography sequence was acquired with the same imaging parameters.
Detector reference images were captured before and after both high and low temperature experiments to normalise tomography data for any changing beam or detector conditions. The sample preparation technique demonstrated excellent tolerance to rapid thermal cycling and high temperature operationadditionally the X-ray alignment fiducial markers (spherical gold particle supplied by Alfa Aesar) were stable in the heating regime used, allowing for effective alignment of high-and low-temperature data sets.
The transmission data was aligned relative to a fiducial marker and reconstructed using the Xradia XMReconstructor software. The resulting image sequence was segmented using a 3D watershed segmentation approach implemented in Avizo Fire (Visualization Sciences Group, Bordeaux, France). Identical parameters for image analysis were applied to the tomography data at 14 C and 695 C.
Results and Discussion
Microstructural analysis of the data sets obtained at 14 C and 695 C was conducted using the Avizo Fire software package, as shown in Fig. 3b . The sample volume that has been reconstructed is comparable to those previously reported for this material. 3 At high temperature, a small decrease in porosity is observedprobably due to continuing sintering contraction. The decrease in the pore phase fraction is coupled to a decrease in percentage connectivity, suggesting that the small observed densification in the solid phase may cut off pore throats and create "dead-end" pores. An increase in geometrical tortuosity of nearly 6% and a decrease in pore-solid surface area was also observed at high temperature. This shows that in conditions mimicking fuel cell performance, microstructural changes of the LSCF electrode are occurring, even at temperatures significantly lower than the fabrication temperature, and cause observable reduction in both gas transport and catalytic reaction area.
Segmentation and quantification of volumes/porosity from x-ray tomography has a long history in the literature and has been proven accurate when the results were correlated to another technique. 4, 9 With the development of advanced adaptive algorithms, such as the one employed here, results with very low noise values are achieved. 10 These data can be effectively combined with simulation tools outlined elsewhere 11, 12 to explore effects on transport and electrochemical reactions. An understanding of the effective transport within LSCF cathodes is a prerequisite for one-dimensional performance models of MIEC cathode performance (such as the widely adopted Adler Lane Steele model 13 which applies when the characteristic scale of the microstructure is much smaller than the active depth of the electrode). Future investigations will compare threedimensional finite volume techniques with the one-dimensional ALS model to explore the role of microstructure in LSCF cathode performance (both at the electrolyte interface and in the electrode bulk).
The high temperature stage described here has demonstrated stable operation at 890 C, approaching the processing temperatures for this material, and above its usual operating temperature. This will enable us to explore sintering in-situ and in the future, structural change induced during operation; in doing so, we aim to understand the (often problematic) sintering and long term behaviour of LSCF films.
Using the current experimental setup, we can study materials under different gas environments, which will enable the study of cathodes under simulated electrochemical overpotential (lower oxygen potential) and Ni-based SOFC anodes at operating temperatures in non-oxidising environments. Microstructural evolution due to coarsening of the Ni phase is widely thought to affect long-term performance of SOFCs, 14 and as such is an area of significant interest. Whilst this technique primarily facilitates the study of microstructural degradation, the fact that it is non-destructive enables its tandem use with complementary analytical tools to explore chemical changes that may also affect cell performance and lifetime.
Concluding Remarks
Here we present, tomography investigations of SOFC electrode geometries with sub-50nm resolution at realistic operating temperatures. We describe the development and implementation of the high temperature stage in-situ of the X-ray microscope -its application to study LSCF cathodes is presented alongside detailed microstructural analysis.
The ability to characterise the detailed microstructure of functional materials in three-dimensions at high temperatures and in a variety of gas environments provides a wealth of opportunities for studies not limited to fuel cell research, with potential applications as diverse as metal processing, thermal barrier coatings, ceramic sintering, and nuclear materials. 
